ABSTRACT This study investigated the effect of dietary Ca to available P (AvP) ratio and phytase supplementation on bone ash, ileal phytate degradation, and nutrient digestibility in broilers fed corn-based diets. The experimental design was a 4 × 2 factorial arrangement of treatments evaluating 4 Ca:AvP ratios (1.43, 2.14, 2.86, and 3.57) and 2 levels of phytase (0 and 1,000 phytase units/kg of feed). The 4 Ca:AvP ratios were achieved by formulating all diets to a constant AvP level of 0.28% and varying Ca levels (0.4, 0.6, 0.8, and 1.0%). Each treatment was fed to 6 cages of 8 male Ross 308 broilers from 5 to 21 d. At 21 d, digesta from the terminal ileum was collected and analyzed for energy, phytate, P, Ca, and amino acids (AA) to determine digestibility. Digesta pH was measured in each segment (crop, gizzard, duodenum, and ileum) of the digestive tract. Data were analyzed by 2-way analysis of covariance. There was a significant interaction between dietary Ca:AvP ratio and phytase supplementation for weight gain (WG), feed intake (FI), and feed conversion ratio (FCR). In diets with no phytase, Ca:AvP ratio had a greater effect on WG, FI, and FCR compared with those fed diets without phytase. The orthogonal polynomial contrasts showed that the increase in dietary Ca:AvP ratio significantly decreased WG and FI in a quadratic manner, whereas FCR increased (P < 0.05) linearly with higher dietary Ca:AvP ratio. Increasing dietary Ca:AvP ratio led to a significant quadratic decrease in phytate degradation and significant linear decreases in P digestibility and bone ash. Phytase addition increased (P < 0.05) phytate degradation and improved (P < 0.05) energy, AA, and P digestibility at all levels of Ca:AvP with no interaction (P > 0.05) between the main factors. Digestibility of AA was positively correlated (P < 0.05) with the degree of phytate degradation. Increasing dietary Ca:AvP ratio significantly increased gizzard pH in a linear manner. In conclusion, phytase (1,000 phytase units/kg of feed) improved phytate, and P and AA digestibility at all Ca:AvP ratios evaluated in this study.
INTRODUCTION
Microbial phytases have been widely used in poultry feeds as a means of improving dietary P availability and reducing P excretion in manure. The effect of microbial phytases on phytate degradation and subsequent improvements in P utilization in poultry diets has been well documented (Selle and Ravindran, 2007) . Several studies have also shown that dietary additions of microbial phytase to poultry diets enhanced the utilization of nutrients other than P, including energy and amino acids (AA; Ravindran et al., 1999; Selle et al., 2000; Selle and Ravindran, 2007) . However, the magnitude of response has not been consistent in all studies, and factors contributing to the variability in energy and AA digestibility improvements in response to supplemental phytase have not been delineated (Selle and Ravindran, 2007) . Potential factors that have been reported to contribute to the variation in response have included the concentration of the substrate for the enzyme (phytate) in the diet, the level of added phytase, the intrinsic properties of the phytase enzyme used, source of phytase, and feed particle size (Ravindran et al., 2006; Amerah and Ravindran, 2009; Selle et al., 2009) . Another factor that may have contributed to the inconsistent results in the literature was the formation of Ca-phytate complexes that were not susceptible to degradation by phytase (Angel et al., 2002; Selle et al., 2009) .
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The ability of phytase enzymes to hydrolyze phytate has been shown to be negatively affected by high levels of dietary Ca or a high ratio of Ca:AvP (Qian et al., 1997) . As Ca-phytate complexes were formed at pH ≥5 (Selle et al., 2009) , similar to the conditions in the small intestine, rapid phytate degradation in the proximal gut where the digesta was more acidic (gizzard + proventriculus) using phytase enzymes has been proposed to mitigate the negative effect of Ca on phytate degradation and increase nutrient availability for the bird. However, phytases have been suggested to vary in their pH optima with efficiency and speed of hydrolyzing phytate depending on their source (Tran et al., 2011) . Therefore, the objectives of this study were to examine the interactions of dietary Ca:AvP ratio and addition of a bacterial phytase isolated from Buttiauxella spp. on ileal phytate degradation, Ca, P, and AA digestibility in broiler chickens.
MATERIALS AND METHODS

Birds and Housing
Experimental procedures were conducted in accordance with the University of Queensland Animal Ethics Committee guidelines and model code of practice for welfare of animals. A total of 384 one-day-old male Ross 308 broiler chickens were obtained from a commercial hatchery. One-day-old chickens were selected according to mean BW and 8 chickens of 42 ± 3 g were allocated to each of 48 digestibility cages housed in an environmentally controlled room. Feed and water for ad libitum consumption was offered during the trial period. Brooding temperature was maintained at 31°C for the first 7 d then gradually reduced to 27°C at the end of the 3-wk experimental period. The broiler chickens in this trial were on 23 h light with a minimum light intensity of 20 lx and 1 h dark per day. The lighting program and the environment in the house were controlled by timers and temperature sensors, respectively. All chickens were vaccinated against infectious bronchitis at the hatchery. Body weight and feed intake (FI) were recorded by cage at 5 and 21 d of age. Mortality was recorded daily. Any bird that died was weighed and feed conversion ratio (FCR) values were calculated by dividing total feed intake by weight gain (WG) of live plus dead birds.
Diets and Treatments
From 1 to 5 d, all birds in the experiment received a commercial broiler starter diet. The experimental diets were offered from 5 to 21 d of age and were based mainly on corn and soybean meal (Table 1) . Diets were formulated to be similar to commercial diets fed to the Ross 308 strain of broiler, except Ca and P. This study had 8 experimental diets. Four basal diets were formulated with different Ca:AvP ratios (1.43, 2.14, 2.86, and 3.57), and each basal diet was then divided into 2 equal parts. One part was supplemented with phytase, and the other part remained unsupplemented. The phytase (Axtra PHY, Danisco Animal Nutrition, Marlborough, UK) was added to provide 1,000 phytase units (FTU)/ kg of feed. Celite, a source of acid-insoluble ash (AIA), was added at 0.2% to all experimental diets as an indigestible marker to determine nutrient digestibility.
Measurements
At 21 d of age, all birds in each group were euthanized by cervical dislocation. The ileum was then immediately excised and divided into 2 parts, the anterior and posterior ileum. The ileum was defined as the portion of the small intestine extending from Meckel's diverticulum to a point 40 mm proximal to the ileocecal junction. Contents of the posterior ileum were collected by gently flushing with distilled water into plastic containers. Digesta were pooled within a cage, lyophilized, ground to pass through a 0.5-mm screen size, and stored at −20°C until analyzed for gross energy, nitrogen, Ca, P, phytate, and AA. At 21 d of age, pH of the contents of the crop, gizzard, duodenum, and ileum was also measured using an Alpha pH test meter (Coral Cay Health, Surfers Paradise, Queensland, Australia) and the left tibia from each bird was collected for bone ash analysis.
Chemical Analysis
Gross energy was determined from the temperature increase when the sample was ignited in an oxygen-rich atmosphere in a bomb calorimeter (Leco AC600, NSW, Australia). Nitrogen was determined by the AOAC method 990.03 (AOAC, 1990) where the sample was ignited in an oxygen atmosphere and the nitrogen determined in the gas stream by a thermal conductivity meter after stripping out the oxygen and replacing it with helium. Calcium and total P in both feed and ileal samples were determined by ICP-OES method 2011.14 (AOAC, 1990) analysis following microwave-assisted acid digestion. The AA analysis was performed using 6 M HCl liquid hydrolysis with AA quantitation by AccQTag derivatization (Waters Corporation, Milford, MA) and reversed-phase ultra-performance liquid chromatography analysis (Cohen and DeAntonis, 1994) . Left tibia bones were autoclaved for 30 min, and the adhering tissue was removed mechanically. The clean bones were dried in an oven at 100°C for 24 h, and dried bones were ground. According to AOAC method 942.05 (AOAC, 1990) , 2 g of ground bone sample was ashed at 600°C using a thermo gravimetric analyzer. Calcium and P contents of tibia ash were analyzed by the ICP-OES method 2011.14 (AOAC, 1990). Phytate in both feed and ileal samples was extracted by the method described by Latta and Eskin (1980) and determined by ICP-AES. Acid insoluble ash was determined by AOAC method 975.12 (AOAC, 1990) by boiling ash in 25 mL of HCl for 5 min, collecting insoluble matter on an ashless filter, washing with hot water until washings are acid-free, igniting until chloride-free, cooling, and weighing the sample.
Calculations
The apparent ileal nutrient digestibility/absorption coefficients were calculated by the following formula using AIA as the indigestible marker (Ravindran et al., 2006) :
where (NT/AIA)d = ratio of nutrient and AIA diet, and (NT/AIA)i = ratio of nutrient and AIA in ileal digesta.
Data Analysis
Data were analyzed by 2-way analysis of covariance using the GLM procedure of SAS Institute Inc. (2004, Cary, NC) using cage mean as an experimental unit. A probability value of P < 0.05 was described to be statistically significant. Orthogonal polynomial contrasts were used to assess the significance of linear or quadratic models to describe the response in the dependent variable to Ca:AvP level with or without added phytase using the PROC MIXED procedure of SAS.
RESULTS
Diet Analysis
Analyzed dietary Ca, P, and phytate P are shown in Table 1 . The analyzed dietary phytate P level was higher than calculated values, which can be explained by higher phytate P values than expected in the feed ingredients used. The analyzed phytate P values for corn and soybean meal were 0.27 and 0.61%, respectively. The calculated values for phytate P for corn and soybean meal were 0.18 and 0.42%, respectively. Phytase recovery was below target but within an acceptable range (mean 831 FTU/kg of diet). Analyzed Ca was also slightly higher and analyzed P slightly lower than formulated values and would have increased the ratio of Ca:AvP slightly above formulated values.
Bird Performance
Effects of dietary Ca:AvP ratio and phytase supplementation on WG (Figure 1) , FI, and FCR are summarized in Table 2 . There was a significant interaction between dietary Ca:AvP ratio and phytase supplementation for WG, FI, and FCR. In diets with no phytase, Ca:AvP ratio had a greater effect on WG, FI, and FCR compared with those fed diets without phytase. The orthogonal polynomial contrasts showed that the increase in dietary Ca:AvP ratio significantly decreased WG and FI in a quadratic manner, whereas FCR increased (P < 0.05) linearly with higher dietary Ca:AvP ratio. 
Energy, Phytate, P, and Ca Digestibility
The effects of dietary Ca:AvP ratios and microbial phytase on bone ash, energy, phytate, P, and Ca digestibility are summarized in Table 3 . Phytase supplementation increased (P < 0.05) phytate degradation, energy digestibility, and P digestibility. Dietary Ca:AvP ratio had no effect (P > 0.05) on energy digestibility but significantly influenced phytate degradation and P digestibility. Phytase supplementation and dietary Ca:AvP ratio had no effect (P > 0.05) on Ca digestibility. There was no significant interaction between dietary Ca:AvP ratio and phytase supplementation on phytate degradation, energy, P, and Ca digestibility. However, there was a significant interaction between dietary Ca:AvP ratio and phytase supplementation for bone ash. Increasing the dietary Ca:AvP ratio in the absence of phytase reduced bone ash; conversely, in the presence of phytase, bone ash was increased at higher Ca:AvP ratios. Increasing dietary Ca:AvP ratio led to a significant quadratic decrease in phytate degradation and significant linear decreases in P digestibility and bone ash.
AA Digestibility
The effects of dietary Ca:AvP ratio and phytase supplementation on individual AA are summarized in Table 4 . Phytase supplementation improved (P < 0.05) digestibility of all AA. Dietary Ca:AvP ratio influenced (P < 0.05) digestibility of all AA apart from Arg, Gly, Tyr, Val, and Cys. Increasing dietary Ca:AvP ratio reduced (P < 0.05) AA digestibility in a linear manner. Mean AA digestibility was improved (P < 0.05) by phytase supplementation (Figure 2 ).
Regression for AA Digestibility
The AA digestibility significantly increased in a curvilinear manner with increasing phytate degradation (y = −0.0031x 2 + 0.4942x + 64.667, R 2 = 0.74, P < 0.05), Figure 3 .
Gastrointestinal pH
The effect of dietary Ca:AvP ratio and microbial phytase supplementation on gastrointestinal pH is summarized in Table 5 . Diets receiving phytase exhibited a significant increase in gizzard and ileum pH. The Ca:AvP ratio only influenced (P < 0.05) the pH of gizzard digesta. Increasing dietary Ca:AvP ratio significantly increased gizzard pH in a linear manner. There was no effect (P > 0.05) of dietary Ca:AvP ratio on the pH of the other regions of the gastrointestinal tract: crop, duodenum, and ileum. There was a significant interaction between dietary Ca:AvP ratio and phytase Means in a column not sharing a common superscript are different (P < 0.05).
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Orthogonal polynomial contrasts were used to assess the significance of linear or quadratic models to describe the response in the dependent variable to Ca:AvP level with or without added phytase.
supplementation on duodenal pH whereby in the absence of phytase an increase in dietary Ca:AvP ratio did not have an effect on duodenal pH; conversely, in the presence of phytase an increase in dietary Ca:AvP resulted in an increase in duodenal pH.
DISCUSSION
In the current study phytase supplementation improved WG at all Ca:AvP ratios. The detrimental effect on WG from increasing Ca:AvP ratios was greater in the unsupplemented diets, compared with the phytasesupplemented diets, as noted by the significant interaction between dietary Ca:AvP ratio and phytase supplementation. This can likely be attributed to diets with no phytase being more P deficient, and a negative effect of Ca on Phytate P utilization. Tamim et al. (2004) showed that in the absence of dietary Ca, broilers were able to use 69.2% of phytate P by the terminal ileum. However, this was reduced to 25.4% when Ca levels were increased to 0.5%. Phytase supplementation mitigated the negative effect of increasing Ca:AvP ratio on FI and FCR at all dietary Ca:AvP ratios. These data may be explained by the higher nutrient digestibility observed in this study when the diets were supplemented with phytase. Improved broiler performance with the addition of phytase to low P diets is to be expected (Selle and Ravindran, 2007) . In contrast, Powell et al. (2011) reported improved WG and FI with no effect on FCR when the diet was supplemented phytase. Increasing Ca:AvP ratio reduced FI in the current study, which is in agreement with previous reports (Powell et al., 2011; Delezie et al., 2012 ).
In the current study, increasing the Ca:AvP ratio reduced phytate degradation quadratically and P digestibility linearly. One phytate molecule can bind up to 5 Ca atoms and the extent of this complex formation has been reported to be driven by gut pH and molar ratios of the 2 components (Selle et al., 2009) . Previous reports have shown that the degree of phytate degradation was highly dependent on the dietary Ca level (Tamim et al., 2004; Plumstead et al., 2008; Selle et al., 2009) . Plumstead et al. (2008) reported a linear reduction in ileal phytate P degradation by 71%, when increasing dietary Ca level from 4.7 to 11.6 g/kg in broiler diets. Similar results were reported by Tamim et al. (2004) in both in vitro and in vivo studies. These researchers found that dietary Ca at a level as low as 0.1% reduced phytate-P hydrolysis at pH 6.5 in vitro. This effect has been proven in vivo by adding Ca at a level of 0.5% to the diet, which resulted in a reduction of phytate-P disappearance from 69.2 to 25.4%. The negative effects of high levels of Ca on phytate degradation and P digestibility may be explained by the formation of Ca-Phytate complexes and the increase in the pH of the proximal digestive tract (Selle et al., 2009) . The reason for the quadratic response to phytate degradation in this study is not clear, but may be due to saturation of the phytate binding sites with Ca ions, in which case increasing Ca concentration further would have no additional effect.
Phytase supplementation increased phytate degradation and improved P digestibility at all Ca:AvP ratios. In contrast to the findings of the current study, other studies have shown that phytase effects on P retention were reduced at higher than optimal Ca:P ratios (Qian et al. 1997) . These researchers suggested that the extra Ca may directly suppress phytase activity by competing for the active sites of the enzymes. The inconsistent results of these data compared with that reported previously in the literature may be explained, partly, by the differences in Ca:AvP ratios tested, phytase level used, and differences in the characteristics of the phytase enzymes used. The source of phytase used in these earlier studies was of fungal origin with a higher pH optimum, which may be more prone to Ca inhibition. In their review, Selle et al. (2009) hypothesized that as Ca-phytate complexes were mainly formed in the Orthogonal polynomial contrasts were used to assess the significance of linear or quadratic models to describe the response in the dependent variable to Ca:AvP level with or without added phytase.
